Abstract: Chito-oligosaccharides (COSs) are a substance class of high interest due to various beneficial bioactive properties. However, detailed mechanistic and application-related investigations are limited due to the poor availability of COSs with defined structural properties. Here, we present the large-scale production of COSs with defined degree of N-acetylation using a commercial cellulase preparation from Trichoderma longibrachiatum. The enzyme preparation was found to exclusively produce COSs lacking of acetyl groups while MS/MS analysis indicated a cellobiohydrolase to be the responsible for hydrolysis with the enzyme preparation. MS and NMR analysis proved the low content of acetyl groups in the COS mix and oligomers with a degree of polymerization (DP) of 2-6 were obtained. The low cost enzyme source was further exploited for large-scale production in a 20 g batch and resulted a COSs yield of 40 %. An inexpensive enzyme source for the production of bioactive COSs was successfully implemented and thorough product analysis resulted in well-defined COSs. This strategy could improve the access to this substance class for a more detailed investigation of its various biological activities.
Introduction
Chitosan (CTS) is the second most abundant polysaccharide next to cellulose and found in crustaceans, insects and fungi. Consisting of glucosamine (GlcN) and to a minor percentage of N-acetyl glucosamine (GlcNAc), CTS is one of few native cationic polysaccharides known to date [1] . Among bioactive polysaccharides, CTS is of particular interest due to the variety of biological activities that were observed for this biopolymer, including antimicrobial activity and antitumor activity [2, 3] . The range of CTS applications is broad, comprising the food industry, agriculture and biomedical applications [4] . CTS is soluble in dilute acid solutions, however, shows poor solubility under physiological conditions, which is the major limitation of further utilization for various applications [5, 6] . The increase in solubility can be achieved by decreasing the molecular weight of CTS, which results in low molecular weight chitosan (LMWC) and chito-oligosaccharides (COSs). These hydrolysis products are soluble in water and physiological media, which facilitates their characterization and usage. The increased solubility results in higher bioavailability and consequently leads to the enhancement of the biological activities, with preferred application of COSs when compared to the native polymer [7, 8] . Chemical and enzymatic hydrolysis of CTS is used to date, but these methods thereby greatly differ regarding their hydrolysis products. Chemical CTS hydrolysis is performed using harsh chemicals resulting in heterogeneous pools of COSs with oligomers of inconsistent degree of polymerization (DP), degree of N-acetylation (DA) and pattern of N-acetylation (P A ) [9, 10] . Better controlled and environmentally friendlier hydrolysis is possible using chitosan hydrolyzing enzymes, which specifically cleave the polymer chain on the preferred cleavage sites and thus release a defined mix of COSs. Certain heterogeneity remains, which requires thorough analysis of the enzymatic hydrolysis products to refer distinct biological properties to structural properties of the COSs [11] . To date, only few studies on COS production from CTS include comprehensive product analysis. The use of chitosan specific enzymes like chitosanases is still costly and further impeded by the limited availability of these enzymes. Thus, great potential thereby relies on the use of readily available, commercial enzymes with chitosan hydrolyzing activity. A variety of glycoside hydrolases (GHs) is described to possess chitosan hydrolyzing activity and recent studies revealed the potential of commercial cellobiohydrolases (CBHs) to produce COSs. Classified as exoglucanases, CBHs commonly cleave cellobiose from cellulose, however, endo-activity was observed for the hydrolysis of solubilized chitosan [12, 13] . It was further shown that CBHs of different origin produce different COSs in term of DP and DA, whereby CBHs from Trichoderma longibrachiatum and from Hypocrea jecorina were successfully proven for chitosan hydrolysis.
Within this study, a commercial cellulase preparation from Trichoderma longibrachiatum was used for the large-scale production of COSs and comprehensive product analysis unveiled their structural properties. The investigation of the enzyme preparation regarding its chitosan hydrolyzing activity and the impact of different process parameters on the COS composition strengthened the potential of this low cost enzyme source for the production of well-defined COSs for various applications.
Materials and methods

Materials
All chemicals were used in analytical grade and purchased from Sigma Aldrich. Chitosan from shrimp shells was used for this study (Sigma Aldrich) with a number average molecular weight of 200 kDa and a degree of N-acetylation (DA) of 13 %. The cellulose mix form Trichoderma longibrachiatum (TrlCel) was purchased from Sigma Aldrich as lyophilized powder and used without further purification. The activity of TrlCel was determined by a method of Zhang et al. [14] . Briefly, carboxymethyl cellulose (CMC) was dissolved in sodium citrate buffer (50 mM, pH 6) yielding a 0.5 % solution. One mL of a cellulase solution in buffer (0.001 mg/mL) was mixed with 9 mL CMC solution and incubated at 60 °C for 20 min. The hydrolysis progress was measured by the increase of reducing sugars over time, which was determined using the DNS (3,5-dinitrosalicylic Acid) method. One unit of TrlCel was defined as the amount that catalyzes the release of 1 μmol of reducing sugars from CMC per minute.
pH and temperature optimum of the TrlCel mix for chitosan hydrolysis
The temperature and pH optima for the hydrolysis of chitosan were determined assessing the reducing sugar content at given time points by the DNS assay of Miller [15] . For both experiments, 25 U TrlCel were used per gram chitosan. A chitosan solution (0.5 %) in sodium acetate buffer (0.1 M, pH 5) was used for the determination of the temperature optimum. The chitosan solution was incubated with TrlCel and samples were withdrawn in a time frame of 2-96 h. The pH-optimum was determined in the same manner, but the pH of the buffer was accordingly adjusted. Additionally to the DNS analysis, the impact of the pH on the COS composition was further analyzed via liquid chromatography coupled with mass spectrometry (LCMS). HPLC was performed using an LC coupled to DAD monitoring at 254 nm (Agilent G4212B, Palo Alto, CA, USA) on a Hypercarb column with a particle size of 5 μM (Thermo Scientific, USA). For liquid chromatography mass spectrometry (LCMS) experiments, the LC system was coupled to a Dual ESI G6230B TOF (Agilent). Electrospray ionization (operating in positive ion mode) was performed using a nebulizer with a set dry gas flow to 8 L/min and a pressure of 40 psi at 300 °C. The fragmenter voltage was set to 200 V, the skimmer at 100 V, the octopole to a voltage of 750 V, and the reference masses were 121.0509 m/z and 922.0098 m/z. Ions from 50 m/z to 3000 m/z were acquired with the Agilent MassHunter Workstation (Version B06.01). A statistical calculation in accordance to German industrial standard 32 645 for the detection limit, detectability limit, and limit of determination was performed. Significance was tested with p values less than 0.05. The screen of the pH optimum was conducted until pH 6, due to the restricted solubility of chitosan above this pH value. The temperature optimum was determined up to 60 °C, since auto hydrolysis of chitosan was observed above this temperature.
NMR analysis of the obtained chito oligosaccharides
The obtained COSs were desalted using a series of PD10 columns (GE Healthcare) and lyophilized prior to NMR analysis. NMR experiments were conducted like previously described by Tegl et al. [12] . Spectra were acquired for D 2 O solutions at 300 K on a Bruker Avance III 600 (600.2 MHz for 1 H, 150.9 MHz for 13 C). 1H spectra were measured with suppression of the HOD signal and referenced using DSS as standard (δ 0); 13C spectra were referenced using 1,4-dioxane as external standard (δ 67.40). Data were acquired and processed using standard Bruker software TopSpin 3.0. Multiplicity-edited HSQC spectra were recorded with 1k × 128 data points. Double-quantum-filtered HMBC experiments were recorded with long-range J(C, H) values of 8 Hz, respectively, and 4k × 128 data points.
Native Polyamide gel electrophoresis and band analysis
Polyamide gel electrophoresis (PAGE) was performed using a mini-PROTEAN TGX stain free gel (Bio-Rad, USA). Ten microliter of the enzyme solution in sodium acetate buffer was loaded and the electrophoresis ran for 3 h at 100 V. A page ruler pre-stained protein ladder (Bio-Rad, USA) was used as molecular weight reference. The two main bands were resected for further analysis. The chitosan responsive band was determined by the incubation of the bands in a 0.5 % chitosan solution in sodium acetate buffer (0.1 M, pH 6.0) overnight. After incubation, the reducing sugar content was determined by the DNS assay. As blank a peace of gel was incubated at the given conditions. MS analysis of the protein bands was performed by a previous digestion of the resected gel bands. The proteins were S-alkylated with iodoacetamide and digested with Trypsin (Promega, USA). The digested samples were loaded on a BioBasic C18 column (BioBasic-18, 150 × 0.32 mm, 5 μm, Thermo Scientific) using 65 mM ammonium formiate buffer as the aqueous solvent. A gradient from 5 % B (B: 100 % acetonitirle) to 32 % B in 45 min was applied, followed by a 15 min gradient from 32 % B to 75 % B that facilitates elution of large peptides, at a flow rate of 6 μL/min. Detection was performed with QTOF MS (Bruker maXis 4G) equipped with the standard ESI source in positive ion, DDA mode. MS-scans were recorded (range: 150-2200 Da) and the six highest peaks were selected for fragmentation. Instrument calibration was performed using ESI calibration mixture (Agilent). The analysis files were converted (using Data Analysis, Bruker) to mgf files, which are suitable for performing a MS/MS ion search with GPM [16] . The files were searched against the UniProt database.
Large scale production of chito-oligosaccharides by the aid of TrlCel
Chitosan (20 g) were dissolved in 4 L sodium acetate buffer (0.1 M, pH 6). TrlCel was added to reach a final concentration of 25 U per gram chitosan. The hydrolysis was performed at 50 °C and the process was monitored for 24 h. The viscosity was measured using a rotational viscometer (Fungilab, Spain) at the rotation speed of 100 rpm and a temperature of 25 °C. The reducing sugar content was monitored using the DNS method of Miller [15] . The residual enzyme activity over time was determined by the previously mentioned cellulose activity assay of Zhang et al. [14] . COS were separated from residual polysaccharides via pH adjustment to 7, which led to precipitation of non-hydrolyzed chitosan and the residual COSs were lyophilized. Analyses were performed in triplicates and analysis of variance (ANOVA) was applied at a 5 % level of significance.
Results and discussion
Enzymatic production of COSs lead to more homogeneous reaction products which are easier to purify when compared to chemical hydrolysis. However, the use of pure chitosanases for this purpose is still expensive and thus not economically feasible. Cellulases are a well-studied enzyme class and used for many industrial processes [17] . Preparations containing different individual enzymes such as endoglucanases (EG) and CBH are to date commercially available and affordable, which also renders them of particular interest for COS production. The cellulase preparation used in this study is derived from Trichoderma longibrachiatum (TrlCel) and was to the best of our knowledge so far not considered for COS production. Previous studies on glycoside hydrolases of this fungus revealed their chitosan hydrolyzing activity, in particular of the respective cellobiohydrolases [12] .
In a first step, the pH and temperature optimum of TrlCel was determined assessing the concentration of released sugars. A pH optimum of pH 6 was obtained (Fig. 1a) , which was in accordance to the pH optima described for various cellulases for cellulose hydrolysis [18] . Likewise, pH optima of cellobiohydrolases reported for chitosan hydrolysis lie in this pH range [12] . The temperature optimum of the TrlCel was expectably in the range of 60 °C (Fig. 1b) , which was in agreement with temperature optimua of fungal cellulases [19] . Although the assessment of the chitosan hydrolyzing activity based on the general determination of released sugars is valid, more detailed information about the impact of the hydrolysis conditions on the reactions products is of high interest. COSs are a diverse substance class, which are characterized by multiple parameters like the molecular weight and the DA. It is obvious that the reaction conditions can influence the structural properties of the reaction products. In the case of glycoside hydrolases (GHs) and their catalytic acid/base residues, the pH is a parameter, which can alter the catalytic mode of action of the enzyme [20] . The ionization behavior of the catalytic residues and other residues of the active side has a high impact on the substrate binding and cleavage sites. LCMS analysis of the reaction products obtained after chitosan hydrolysis at the optimal pH and temperature revealed COSs without N-acetyl groups in the range of DP 2-6. The impact of the pH on the COS composition was further studied in the pH range from 4 to 6. Expectably higher yields were observed for all oligomers at pH 5.5 and 6.0 (temperature optimum), however, an inverse picture was observed in the case of the mono-acetylated trimer, which was mainly formed at pH 4.0 and 4.5 (Fig. 1c) . Since this was the only found COS bearing an N-acetyl group, it is assumed that a specific ionization of the residues in the active side plays a role in substrate binding and subsequent cleavage of the polymer chain. As in chemical catalysis, enzymatic reactions also rely on the chemistry of the chosen solvent, a fact that holds true for reactions in aqueous and organic solvents [21] . Studies on the impact of the pH on chitosan hydrolysis of various GHs could be a promising route to direct the physicochemical properties of COSs by choosing the proper solvent.
The COS mixture obtained from enzymatic hydrolysis of chitosan hydrolysis at optimal conditions was analyzed by NMR (Fig. 2) . The data was analyzed consulting previously published spectra analysis of COS mixtures obtained from chitosan hydrolysis by cellobiohydrolases [12, 22] . The COSs were partially desalted prior to NMR analysis, however, a high acetate signal could still be observed. The overall DA of the COS mixture was determined by referring the H-2 protons of the glucosamine (GlcN) moieties at 2.60-262 ppm to the acetyl signals of occurring N-acetyl glucosamines (GlcNAc) at 2.08-2.09 ppm. A GlcN:GlcNAc ratio of 5:1 was calculated, which confirmed the low content of N-acetyl groups in the produced COSs that was also described by the LCMS data. The 1 H NMR spectrum (Fig. 2) contained proton peaks in the anomeric region at 4.34-4.50 ppm, which refer to the reducing and non-reducing GlcN units in the COSs. Only very minor 1 H/ 13 C signals of GlcNAc were found at 5.18/91.1 ppm. The low signal of α-GlcNAc suggests that fractions GlcNAc residues also occur at the reducing end. HSQC and HMBC experiments further confirmed that the reducing and non-reducing end were mainly composed of GlcN residues, which assumed that the preferred cleavage site of TrlCel is GlcN-GlcN. This cleavage pattern was previously observed for a cellobiohydrolase from Trichoderma longibrachiatum [12] , which led to the assumption that this enzyme occurs in the cellulase preparation used within this study.
Native PAGE analyisis was performed to assess the protein composition of the crude cellulase mix. Two main bands were identified at 70 kDa and around 90 kDa, respectively. The bands were resected from the gel and incubated with chitosan to assess the chitosan hydrolyzing activity of the respective proteins. Only the enzyme in band 2 at 70 kDa hydrolyzed chitosan (Fig. 3) and was thus identified as the chitosan responsive enzyme in the applied TrlCel mix. The band was analyzed via MS/MS after digestion with trypsin and the obtained results from the ion search were compared to the UniProt database to determine the responsible enzyme. Due to the lack of entries in the sequence database of Trichoderma longibrachiatum, the database of Trichoderma reesei was considered because of the high homology. An exoglucanase 2 from Hypocrea jecorina (the anamorph of T. reesei) was identified for the chitosan hydrolyzing band 2 with a log(e) score of -441 and 38 found ion fragments. The protein refers to a cellobiohydrolase II, which was previously identified to have chitosan hydrolyzing activity [12, 13] .
After thorough analysis of the COS production by the commercial TrlCel mix, the process was scaled up to a 20 g batch and the most crucial parameters were monitored over 24 h. The progress in COS production was monitored as function of the increasing concentration of reducing sugars (Fig. 4a) . A decreased production over time was observed after 6 h of incubation and the curve further flattened until 24 h. Previous studies did not show a significant increase of the reducing sugar concentration after 24 h (data not shown). Another important parameter is the change in viscosity over time, which gives information about the mode of action of the enzyme on the respective polymer. Cellobiohydrolases are commonly exo-acting on cellulose, however show endo-activity in case of chitosan hydrolysis [12, 13] . Applying the TrlCel mix, an immediate decrease of viscosity was observed, which confirmed the endo-acting activity of TrlCel (Fig. 4b) . The different mode of action on chitosan compared to cellulose can be explained by the solubility of chitosan, which facilitates an endo-mode of action.
When applying enzymes without prior immobilization on carriers, the stability of the enzyme over time is a crucial parameter, which can greatly alter the production process. The described COS production was carried out at 50 °C, a temperature that effects the activity of many non-stabilized enzymes after long exposition. The activity of TrlCel was monitored and a continuous decrease of the enzyme activity was observed, which finally resulted in around 80 % activity loss after 24 h. The loss of activity could be retarded by the immobilization of the respective enzyme on a stabilizing carrier [23] . Less enzyme would thus be necessary to achieve similar yields and the same enzyme could be used for several cycles. Whether this is practicable or not for readily available enzyme mixes like the used TrlCel remains part of discussion. The COSs were separated from the reaction broth like mentioned in the method section and freeze dried. A crude yield could be identified to be 60 % of COS referred to the initial chitosan amount applied in the hydrolysis.
Conclusion
This study demonstrated the potential of a commercial cellulase preparation from Trichoderma longibrachiatum for the large-scale production of COSs. The optimum hydrolysis parameters were determined and the oligomeric products produced by the TrlCel mix were thoroughly analyzed according to their DP and DA. Only COSs without N-acetyl groups were detected and the pH was assumed to be crucial factor for the binding and cleavage specificity due to traces of mono-acetylated COSs that were mainly found at lower pH values. The chitosan hydrolyzing enzyme in the cellulase preparation was identified to be a cellobiohydrolase, an enzyme class where chitosanase activity was only described recently. In a final experiment, the suitability of this low-cost source for chitosan hydrolysis was successfully proven for large-scale production of COSs. The combination of the use of a low cost enzyme source for the efficient production of COSs and the detailed analysis of the oligomeric products is important to improve the access to this bioactive substance class. Based on large amounts of COSs, separation protocols can be developed to obtain pure COSs from the produced mixtures Large amounts of COSs with defined structural properties could be produced, which facilitates the study of the many interesting bioactivities that are described to date.
